We experimentally demonstrate long-wave infrared-visible sum-frequency generation microscopy for imaging polaritonic resonances of infrared (IR) nanophotonic structures. This nonlinear-optical approach provides direct access to the resonant field enhancement of the polaritonic near fields, while the spatial resolution is limited by the wavelength of the visible sum-frequency signal. As a proof-of-concept, we here study periodic arrays of subdiffractional nanostructures made of 4H-silicon carbide supporting localized surface phonon polaritons. By spatially scanning tightly focused incident beams, we observe excellent sensitivity of the sum-frequency signal to the resonant polaritonic field enhancement, with a much improved spatial resolution determined by visible laser focal size. However, we report that the tight focusing can also induce 1 arXiv:1905.12499v1 [physics.optics]
respectively. For both approaches, the improved spatial resolution is derived simply from the short wavelength of the visible light that probes, through the nonlinear-optical process, the IR response. Additionally, the tensorial nature of the nonlinear susceptibility χ (2) responsible for SFG allows for the extraction of the local chemical and structural information through careful analysis of signals from different polarization conditions. 40 For materials with broken inversion symmetry, IR-VIS SFG spectroscopy reports on the bulk phonon resonances, weighted by local field effects.
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It is highly intriguing to transfer these concepts to the field of LWIR nanophotonics.
Through the nonlinear-optical interaction, LWIR-VIS SFG spectroscopy would provide direct access to optical field enhancements associated with nanophotonic resonances, similar to LWIR second harmonic generation (SHG) spectroscopy. [42] [43] [44] [45] In contrast to SHG, however, the spatial resolution of IR-VIS SFG microscopy is ultimately limited by the SFG wavelength, only, allowing for microscopy well below the IR diffraction limit. Thus far, such studies have been hindered by the scarcity of high-intensity laser sources in the LWIR spectral region relevant for nanophotonics based on surface phonon polaritons (SPhPs).
In our work, we extend the IR wavelength range of IR-VIS SFG microscopy to the LWIR beyond 10 µm. As a proof-of-concept, here we study localized SPhPs in subdiffractional nanostructures made from 4H-Silicon Carbide (4H-SiC). We show that the SFG signals report on the optical field enhancements associated with the SPhP resonances. Using scanning probe SFG microscopy with tightly focused beams, we demonstrate improved spatial resolution and imaging contrast in comparison to the linear IR reflectance.
The experimental scheme is outlined in Fig. 1a . VIS and IR laser pulses are spatially and temporally overlapped on the sample, and the generated sum-frequency intensity is detected. The IR free-electron laser (FEL) installed at the Fritz Haber Institute provides high-power, narrow-band (bandwidth of ∼ 0.3%), and wavelength-tunable mid-IR and LWIR light, and is described in detail elsewhere. 46 Notably, for SFG we operate the FEL at reduced electron micro-bunch repetition rate of 55.5 MHz, matched to the repetition rate of a synchronized tabletop laser which provides the VIS up-conversion beam. The latter is generated by frequency-doubling of the 1050 nm fiber oscillator output (OneFive, 100 fs pulse duration). Synchronization of the FEL micro-pulses and the VIS laser pulses is achieved by a phase-lock-loop electronics operating at 2.998 GHz, using the respective RF frequency reference from the accelerator system and the 54 th harmonic of fiber-laser timing output, see ref. 47 for details of the timing and synchronization infrastructure.
The IR and VIS (525 nm) laser beams are focused onto the sample with angles of incidence of 55 and 30 deg, respectively. The SFG light emitted in reflection is spectrally separated from the almost collinear reflected VIS beam by spectral edge filters and detected with a photo multiplier (Hamamatsu). SFG spectra are acquired by spectral scanning of the FEL wavenumber from 750 to 1050 cm −1 using the motorized undulator gap. SFG microscopy is implemented by spatial scanning of the sample using a motorized three-axis translation stage at fixed FEL wavelength and tightly focused beams.
The SiC nanopillar samples were produced by e-beam lithography and dry etching of a semi-insulating 4H-SiC substrate, the details of the fabrication procedure are found elsewhere. 48 Specifically, we fabricated multiple 50 µm × 50 µm sized arrays spaced 50µm apart, with varied nanopillar diameter and period ranging from 200 to 600 nm and 700 to 1500 nm, respectively; an electron microscope image of a representative arrays is shown in Fig. 1b ).
Localized SPhPs in these structures emerge within the Reststrahlen band of SiC between the transversal optical (TO) and longitudinal optical (LO) phonon frequencies at 797 cm
and 964 cm −1 , respectively, where the dielectric permittivity of SiC is negative. Conveniently, in this configuration the signal arises from a single χ (2) tensor component.
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The SFG intensity for this specific configuration at frequency ω SF G = ω V IS + ω IR is given by:
where E
IR(V IS) m
are the incoming field components (m = y, z) and L
IR(V IS,SF G) mm
the Fresnel transmission factors of the IR(VIS,SFG) beam. χ (2) ijk is the second order susceptibility tensor. Due to the broken inversion symmetry of 4H-SiC (point-group symmetry 6mm), a sizable bulk second order nonlinear signal arises. For the substrate spectrum, the effective source volume is determined by the wave vector mismatch
49,50 while for the nanopillar resonances this is dictated by the localized mode volume.
8,48
In the substrate spectrum, a double peak feature is observed in the region of the LO phonon at ω IR ∼ 960 − 990 cm −1 , which is due to resonances in the normal-to-surface Fresnel transmission factor L zz :
Here , with reduced contrast between the different array geometries. This is also expected, since the dipolar resonance exhibits much reduced spectral dependence on the geometry compared to the monopole mode. 48 Additionally, the SFG contrast between the nanopillar resonant signal and the substrate is reduced due to the smaller effective field enhancement compared to the monopolar resonance. Similar behavior was also observed in SHG spectroscopy.
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Finally, imaging at the substrate Fresnel resonance at ω = 985 cm −1 shows the suppression of SFG signal for all arrays with only mild differences due to the different VIS and SFG scattering efficiencies.
The simultaneously acquired IR reflectance maps in Fig. 2d-f Fig. 2c . The blue lines show the multi-error function fit that yields standard deviations of the Gaussian broadening of 11 and 6 µm for the horizontal and vertical direction, respectively.
In order to estimate the spatial resolution achieved in our experiments, we analyzed cuts through the SFG images in Fig. 3 . As an example, we there show the SFG signal along the horizontal (Fig. 3a) and vertical (Fig. 3b) that is responsible for the strong geometry dependence of the resonant frequency.
Additionally, we also observed some inhomogeneities in the SFG signal at the dipolar resonance in Fig. 2b . Here, the peculiar patterns suggest SFG enhancement at the left side for some of the arrays. However, further analysis of the sample revealed some highly localized laser-induced sample damage, see Fig. 4a for an optical microscope image that was taken after the SFG experiments. There, a clear modification of the sample, particularly on the left side of the arrays is visible. In order to understand the damage mechanism, we took electron microscope images of a damaged sample, see Fig. 4b-c) . The images suggest a very localized heating and partial melting/re-crystallization of the nanopillars. We expect this process to occur for resonant excitation of localized polariton modes. Thereby, the damage process is naturally self-saturating since the heating and melting will result in a loss of the polariton resonance, and, in consequence, much reduced localized absorption preventing further heating. Figure 4 : Laser-induced sample damage and concept of FEL-based wide-field SFG microscopy. a) Optical microscope image of the investigated sample area after the SFG experiment. Several patches exhibit some modification indicative of laser-induced damage during the SFG experiment. Despite being irregular, damage is predominantly observed on the left edge of the respective arrays. b-c) Electron microscope images of b) intact and c) laser-damaged nanopillars. The well-localized damage suggests self-saturating resonant heating and partial melting of the nanopillars as the main damage mechanism. d) Schematic of FEL-based wide-field SFG microscopy where tight focusing is avoided thereby significantly reducing the probability for sample damage. This scheme was adapted from previous work on mid-IR wide-field SFG microscopy, 34 which successfully resolved the problem of image distortion under oblique incidence.
We repeated the experiment on similar nanopillar samples with about ten-fold reduced fluences of either the FEL or the VIS laser beams. However, we still observed very similar damage patterns. This supports the interpretation of a self-saturating damage, such that even a ten-fold increase of the fluence, as in the first experiments compared to the later test-measurements, did not magnify the laser-induced damage. We note, though, that we did not observe damage formation when only illuminating with either the FEL or the VIS beams.
Since SFG is a nonlinear process with small photon yield in general, 33 it requires high power excitation lasers to generate SFG beyond the detection limit. Thus, laser-induced damage is common problem in SFG, 34 in particular if tight laser foci are required as in scanning probe SFG microscopy. 36 This problem is amplified for low repetition-rate lasers with high pulse energies, since here the single-shot SFG signal should be maximized to avoid extremely long image acquisition times.
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Here, wide-field SFG microscopy 34, 35, 54, 55 as schematically shown in Fig. 4d presents itself as a complementary approach that solves most of these problems. Most importantly, the spatial resolution in the wide-field approach is no longer determined by the focal sizes of the excitation beams but instead by the resolving power of the imaging optics. 54 This removes the need to focus the beams tightly, but instead the focal sizes are typically adapted to the field-of-view of the imaging system, leading to a drastic reduction of the laser fluence.
Initial difficulties with image distortions under oblique incidence were successfully resolved using relay imaging onto an appropriate ruled grating. 34 For non-stationary sample systems, the wide-field approach avoids drift-induced image distortions, and instead potentially allows to follow the evolution of the sample.
With several successful implementations of wide-field SFG microscopy in the mid-IR [33] [34] [35] 54, 55 and our current work, we expect the realization to LWIR-VIS SFG wide-field microscopy to be straight-forward. Here, we have extended the accessible IR wavelength range of IR-VIS SFG microscopy to beyond 10 µm with the only fundamental long-wavelength limit being the ability to spectrally separate the SFG signal from the VIS up-conversion laser. Considering that the spatial resolution is theoretically limited solely by the SFG wavelength, this also means LWIR-VIS SFG microscopy should provide imaging capabilities far below the LWIR diffraction limit. Specifically, for SFG wavelength of 500 nm and IR wavelength of 10 µm, the Abbe limit of the imaging resolution would be λ IR /40.
SFG is an even-order nonlinear technique that is typically used to probe the surface vibrations of materials with inversion symmetry in the bulk. 33 In contrast here, due to the broken inversion symmetry of SiC, the SFG signal emerges from the bulk 41 58 Therefore, the SFG microscopy approach could also be transferred to study inversion-symmetric materials, where, in principle, both surface and volume-integrated field enhancements could be probed independently.
We also note that SFG microscopy, in contrast to IR s-SNOM, is ideally suited to study buried structures. 55 Since SFG preserves the far-field polarization, it allows for distinguishing the normal-to-surface and in-plane optical field enhancements with high sensitivity. When combined with heterodyne detection, 13,61 the technique could additionally provide phase contrast. Similarly, the sensitivity could be further improved by tuning the VIS wavelength to a resonant electronic transition, 62 e.g. to the band gap of the semiconductor under study.
Such double-resonant SFG microscopy would provide drastically enhanced signal levels and additional imaging contrast due to the spatial variations of the electronic resonance. For heterogeneous materials, such as semiconductor superlattices, this approach could also serve as a contrast mechanism between the individual constituents. 2,45 Finally, we expect LWIR-VIS SFG microscopy introduced here to also be implemented for studies for biological and chemical systems, for instance for probing the spatial heterogeneity of transient low-frequency modes of transient species at electro-chemical interfaces.
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In summary, we have demonstrated scanning-probe LWIR-VIS SFG microscopy of surface phonon polariton resonances in subdiffractional nanostructures. We observed large contrast between the substrate and the nanophotonic structures, both in general for substrateresonant SFG, as well es specifically when imaging at the polariton resonant frequencies.
We achieved a Rayleigh-limited spatial resolution of 18 and 32 µm along the vertical and horizontal direction, respectively, limited by the focal size of the VIS beam. The tight focusing also led to very localized, self-saturating laser-induced damage to the nanopillars that we ascribed to localized heating through resonant excitation of the polariton modes. We proposed wide-field SFG microscopy as a means to solve this problem and also approach the theoretical spatial resolution given by the diffraction limit of the SFG wavelength. Finally, we discussed the emerging opportunities of LWIR-VIS SFG microscopy, such as IR superresolution imaging of buried nanostructures or spatial heterogeneities at electro-chemical interfaces.
